The angular sensitivities of slanted volume gratings (VGs) illuminated by three-dimensional (3-D) converging-diverging spherical Gaussian beams for substrate-mode optical interconnects in microelectronics are analyzed by application of 3-D finite-beam rigorous coupled-wave analysis. Angular misalignments about the z, y, and x axes that correspond to yaw, pitch, and roll misalignments resulting from manufacturing tolerances of chips are investigated. Two cases of linear polarization of the central beam of the Gaussian are considered: E Ќ K and H Ќ K, where K is the grating vector. From worst-case manufacturing tolerances, the ranges of yaw, pitch, and roll misalignment angles are ␣ ϭ Ϯ1.17°, ␤ ϭ Ϯ3.04°, and ␥ ϭ Ϯ3.04°, respectively. Based on these ranges of misalignment angles, the decreases of diffraction efficiencies for slanted VGs that are due to both the yaw and the roll misalignments are relatively small. However, the efficiency of substrate-mode optical interconnects achieved by slanted VGs could be reduced by 61.04% for E Ќ K polarization and by 58.63% for H Ќ K polarization because of the pitch misalignment. Thus the performance of a VG optical interconnect is most sensitive to pitch misalignment.
Introduction
Optical couplers obtained by volume gratings (VGs) have been used as substrate-mode optical interconnects 1,2 and as guided-wave optical interconnects [3] [4] [5] [6] [7] to overcome the performance limitations of electrical interconnects for chip-to-chip and board-to-chip interconnections. Figure 1 illustrates a physical implementation of a substrate-mode optical interconnect by use of a VG to couple an optical signal emitted by a single-mode laser into a substrate for the board-tochip interconnection in a future gigascale integration (GSI) chip. From the viewpoint of system construction, the manufacturing tolerances and the assembly errors of the chip and the printed wiring board will result in misalignment between the incident beam and the grating coupler and therefore in the deviation of the incident angle from the designed Bragg condition. As a result, the performance of the grating coupler will degrade.
For the sensitivity analysis of a VG, Leith et al. 8 applied the scalar Kirchhoff diffraction integral as well as a rigorous formalism derived from Maxwell's equations to study the effects of the deviation from the Bragg condition owing to either angle or wavelength detuning on the diffraction efficiency for a thick hologram illuminated by a plane wave. Kogelnik developed the two-wave first-order coupledwave analysis 9 also referred to as Kogelnik's analysis to calculate the diffraction efficiencies of VGs with respect to angular misalignments and wavelength detuning. Friesem and Walker, 10 Kubota, 11 and Damzen et al. 12 utilized Kogelnik's analysis to study the angular sensitivities of VGs illuminated by plane waves. Furthermore, Chu and Kong 13 applied modal analysis to calculate the diffraction efficiency of a periodically modulated slab medium as a function of incident angle. Chatterjee and Reagan, 14 however, applied Kogelnik's analysis in conjunction with an acousto-optic multiple scattering model to investigate the effects of angular misalignment and wavelength detuning on the performance of VGs illuminated by a plane wave and a two-dimensional (2-D) Gaussianprofile plane wave, and Wang 15 proposed an impulseresponse technique in conjunction with Kogelnik's analysis to study both angular sensitivities and wavelength sensitivities of a planar VG with three-dimensional (3-D) Gaussian-profile plane-wave incidence as a function of the grating-thickness-to-beamwidth ratio. In general, the FWHM for the responses of both angular sensitivities and wavelength sensitivities decreases as the grating-thickness-to-beamwidth ratio decreases. All these angular-sensitivity analyses were made either for plane-wave incidence or for Gaussian-profile plane-wave incidence and were restricted to the Bragg diffraction regime (i.e., only the transmitted beam and the diffracted beam were considered) and to classic diffraction geometry (i.e., the grating vector was assumed to lie in the incident plane). Recently Frantz et al. 16 applied conventional 3-D rigorous coupled-wave analysis 17 (RCWA) in conjunction with Monte Carlo simulation to investigate the transmittance of a noise VG as a function of the reconstruction angle (i.e., the incident angle) for 3-D conical diffraction; however, in this analysis the incident beam was assumed to be a plane wave.
For practical applications, the incident beam emitted by a single-mode laser closely approximates a 3-D converging-diverging spherical Gaussian beam, and generally the incident wave vector does not lie in the plane perpendicular to the grating surface that contains the grating vector. This configuration produces 3-D conical diffraction. Therefore, in this paper we investigate, for the first time to the authors' knowledge, the angular sensitivities of a planar VG illuminated by a 3-D converging-diverging spherical Gaussian beam at an arbitrary incident angle, at an arbitrary azimuthal angle, and with any linear polarization. The analysis utilizes 3-D finite-beam (FB) RCWA. 18 The effects of angular misalignments about the z, y, and x axes, which correspond to yaw, pitch, and roll misalignments, respectively, on the diffraction efficiencies of planar VGs are investigated. In Section 2 the general geometry for the 3-D conical diffraction of a planar VG, the configurations of yaw, pitch, and roll misalignments, and the numerical method are briefly introduced. In Section 3 the effects of yaw, pitch, and roll misalignments on the diffraction efficiencies of a substrate-mode optical interconnect achieved by a slanted VG are presented. The two cases of linear polarization of the central beam of the Gaussian (E Ќ K and H Ќ K) are investigated. Finally, the primary results are summarized in Section 4.
Analysis Method
A. Geometry of Conical Diffraction for a Volume Grating Figure 2 shows the general geometry of 3-D conical diffraction by a planar VG. 18 The planar VG with thickness d has an arbitrary direction of the periodicity of the dielectric constant on the xϪz plane. Therefore a VG with grating period ⌳ and slant angle g can be characterized by a periodic dielectric constant expandable in a Fourier series as
where 0 ϭ n g 2 is the average dielectric constant, p c and p s are the pth harmonics of the dielectric constant, K ϭ ͑2͞⌳͒͑x sin g ϩ ẑ cos g ͒ is the grating vector, and r ϭ xx ϩ zẑ is the position vector.
The 3-D converging-diverging spherical Gaussian beam with any linear polarization orientation specified by polarization angle ⌿ E propagates along the zЈ direction [in the beam-coordinate system ͑xЈ, yЈ, zЈ͒] and is obliquely incident at an arbitrary incident angle and at an arbitrary azimuthal angle [in the VG coordinate system ͑x, y, z͒] from the incident region with refractive index n I upon a planar VG and then diffracts into the substrate region with refractive index n s as a substrate-mode optical intercon- Fig. 1 . Physical implementation of a substrate-mode optical interconnect utilizing a VG to couple an optical signal emitted by a single-mode laser mounted on a printed wiring board into a substrate for the board-to-chip interconnection. Fig. 2 . Geometry of a planar VG illuminated by a convergingdiverging spherical Gaussian beam with wave vector k at an arbitrary incident angle , at an arbitrary azimuthal angle , and with an arbitrary linear polarization (specified by polarization angle ⌿ E ). The VG has period ⌳, slant angle g , and thickness d. The refractive indices of the incident region, the grating, and the substrate are n I , n g , and n s , respectively.
nect. In addition, the Gaussian beam is assumed to be focused on the input surface of a planar VG, and therefore the electric field of the incident beam at zЈ ϭ 0 can be represented as 18 (2) where w 0uЈ is the beam radius at the beam waist in the uЈ͑uЈ ϭ xЈ, yЈ͒ direction, and ê is the polarization unit vector of the central beam, given by
B. Yaw, Pitch, and Roll Misalignments
As shown in Fig. 1 , the separation between the VG and the laser (mounted on a printed wiring board) for a GSI chip in the z direction is determined by the sum of polymer thickness t p , compliant-lead thickness t L , and solder-bump height t s . Therefore the manufacturing tolerances of these components can lead to different separations of the GSI chip at two adjacent solder-bump locations and result in vertical misalignments of a VG. As a result, the VG experiences angular misalignments about both the y axis and the x axis, which correspond to pitch and roll misalignments, respectively. Because of fabrication errors, however, the solder bumps may be arranged away from their designed locations and therefore give rise to lateral misalignments of a VG; consequently the VG experiences the angular misalignment about the z axis is related to the yaw misalignment. The Bragg condition as well as all the yaw, the pitch, and the roll misalignments with misalignment angles ␣, ␤, and ␥, respectively, are summarized in Fig. 3 . The positive values of misalignment angles of ␣, ␤, and ␥ are defined in counterclockwise rotations about the z, y, and x axes, respectively, by looking antiparallel to the axes.
To determine the ranges of the misalignment angles of ␣, ␤, and ␥ we assume the worst-case tolerances at two adjacent solder-bump locations (with the smallest separation at one location and the largest separation at the other). Table 1 results for all subbeams yields the diffracted fields and diffraction efficiencies of the various diffracted orders of a VG. 
Results
For all the cases of the diffraction analyses of VGs that are investigated in this paper, a linearly polarized converging-diverging spherical Gaussian beam with beam radius w 0xЈ ϭ w 0yЈ ϭ 5 m (i.e., with a beam diameter of 10 m) and with free-space wavelength 0 ϭ 850 nm (e.g., a GaAs laser) is applied. The two cases of linear polarization of the central beam of the Gaussian of E Ќ K (i.e., the electric-field vector perpendicular to the grating vector corresponding to ϭ 0°and ⌿ E ϭ 90°) and H Ќ K (i.e., the magnetic-field vector perpendicular to the grating vector corresponding to ϭ 0°and ⌿ E ϭ 0°) are investigated. Moreover, the VG analyzed in this paper comprises an incident region with refractive index n I ϭ 1.0 (e.g., air), a substrate with refractive index n s ϭ 1.55 (e.g., benzocyclobutane), and a grating material with average dielectric constant 0 ϭ 2.25 ͑n g ϭ 1.5͒ and modulation 1 c ϭ 0.06 (⌬n 1 ϭ 0.02; e.g., DuPont's OmniDex613 photopolymer). The grating thickness is assumed to be d ϭ 10 m. For normal incidence (i.e., ϭ ϭ 0°) on a slanted VG, the grating period and the slant angle are designed to provide a 45°[i.e., 1 T ϭ 45°(with respect to the ϩz axis in a counterclockwise direction)] forwarddiffraction angle of the Ϫ1st propagating order to achieve multiple total internal reflections within the substrate for a substrate-mode optical interconnect (Fig. 1) . Therefore, based on the first-order Bragg condition, the grating period and the slant angle of this slanted VG are ⌳ ϭ 711.37 nm and g ϭ 113.47°, respectively. The effects of yaw, pitch, and roll misalignments owing to manufacturing tolerances on the diffraction efficiencies are presented. Figure 4 shows the diffraction efficiencies of the Ϫ1st forward-diffracted order, DE Ϫ1 T , of a slanted VG as a function of yaw misalignment angle, ␣, for both central-beam E Ќ K polarization and central-beam H Ќ K polarization. In this case, incident wave vector k always satisfies the Bragg condition, but the polarization vector of the incident beam changes as ␣ increases. Therefore the diffraction efficiencies are dependent only on the polarization. For example, rotating the z axis from ␣ ϭ 0°to ␣ ϭ Ϫ90°changes the polarization of the incident beam from central-beam E Ќ K polarization (i.e., the electric field points in the direction of the ϩy axis, corresponding to TE polarization for the classic diffraction geometry) to centralbeam H Ќ K polarization (i.e., the electric field points in the direction of the ϩx axis, corresponding to TM polarization for classic diffraction geometry). As a result, DE Ϫ1 T decreases as ␣ increases toward Ϯ90°.
A. Yaw Misalignment
Similarly, the polarization of the incident beam changes from central-beam H Ќ K polarization (i.e., corresponding to TM polarization for the classic diffraction geometry) to central-beam E Ќ K polarization (i.e., corresponding to TE polarization for the classic diffraction geometry), and therefore DE Ϫ1 T increases as ␣ increases from 0°to Ϯ90°. Note also that the diffraction efficiencies of central-beam E Ќ K polarization and central-beam H Ќ K polarization are identical at ␣ ϭ Ϯ45° (Fig. 4) . This result is expected because these two incident-beam-grating configurations are equivalent.
The diffraction characteristics of the five major subbeams of the 3-D converging-diverging spherical Gaussian beam (including the central subbeam, the Ϯk x 1͞e subbeams, and Ϯk y 1͞e subbeams) are shown in Fig. 5 as a function of yaw misalignment angle for 
spectrum maximum at k x ϭ k y ϭ 0. The Ϯk x 1͞e subbeams and the Ϯk y 1͞e subbeams are located where the amplitude plane-wave spectra fall off to 1͞e of the central subbeam value. As a result, the components k x and k y of the wave vectors for the Ϯk x 1͞e subbeams and the Ϯk y 1͞e subbeams are k x ϭ Ϯ2͞w 0xЈ ϭ Ϯ0.4 m Ϫ1 and k y ϭ 0, and k x ϭ 0 and k y ϭ Ϯ2͞w 0yЈ ϭ Ϯ0.4 m Ϫ1 , respectively. Furthermore, for an obliquely incident Gaussian beam (i.e., 0°and 0°), we obtain the corresponding wave vectors of the five major subbeams by incorporating the appropriate rotations of coordinate axes. 18 As shown in Fig. 5 , because the central subbeam always satisfies the Bragg condition, DE Ϫ1
T for the central subbeam will be dependent only on the polarization. As ␣ increases toward Ϯ90°, the polarization of the central subbeam changes from primarily E Ќ K polarization to primarily H Ќ K polarization, and therefore DE Ϫ1 T decreases. Both the ϩk y 1͞e subbeam and the Ϫk y 1͞e subbeam almost satisfy the Bragg condition at ␣ ϭ 0°, however, so the diffraction efficiencies of the Ϯk y 1͞e subbeams are close to that of the central subbeam at ␣ ϭ 0°. However, as ␣ increases toward Ϯ90°, the Ϯk y 1͞e subbeams move away from the Bragg condition, and therefore DE Ϫ1 T decreases. In contrast, as both the ϩk x 1͞e subbeam and the Ϫk x 1͞e subbeam are 3.10°away in pitch from the Bragg condition (i.e., ϭ 3.10°and ϭ 180°for the ϩk x 1͞e subbeam and ϭ 3.10°and ϭ 0°for the Ϫk x 1͞e subbeam), the diffraction efficiencies of the Ϯk x 1͞e subbeams at ␣ ϭ 0°are much smaller than those of the central subbeam and the Ϯk y 1͞e subbeams. Furthermore, as ␣ increases toward Ϯ90°, the diffraction efficiencies of the Ϯk x 1͞e subbeams increase monotonically because the Ϯk x 1͞e subbeams approach the Bragg condition. Note also that DE Ϫ1
T of the Ϫk x 1͞e subbeam is larger than that of the ϩk x 1͞e subbeam at ␣ ϭ 0°because the wave vector of the Ϫk x 1͞e subbeam is closer to the Ϫ1st forward-diffracted order. Figure 6 shows the diffraction efficiencies of DE Ϫ1
B. Pitch Misalignment
T of a slanted VG as a function of pitch misalignment angle ␤ for both central-beam E Ќ K polarization and central-beam H Ќ K polarization. As shown in Fig. 6 , the behaviors of DE Ϫ1
T of a slanted VG with respect to ␤ are close to that of a sinc 2 function for the small modulation case predicted by Kogelnik's analysis. 9 The FWHM for central-beam E Ќ K polarization and central-beam H Ќ K polarization of the 3-D converging-diverging spherical Gaussian beam is FWHM EЌK ϭ 5.18°and FWHM HЌK ϭ 5.27°, respectively, i.e., larger than that of a plane wave assumed in Kogelnik's analysis ͓FWHM Kog Х ͑0.86⌳͞d͒ ͑180°͒͞ ϭ 3.53°͔. This result is expected because a 3-D converging-diverging spherical Gaussian beam can be decomposed into various subbeams (i.e., planewave components). Therefore, as ␤ increases, various k x subbeams (i.e., the subbeams with zero wavevector component in the y direction) of the 3-D converging-diverging spherical Gaussian beam will satisfy the Bragg condition. In contrast, for planewave incidence, as ␤ increases, there are no other subbeams that will satisfy the Bragg condition. As a result, the FWHM of a 3-D converging-diverging spherical Gaussian beam is larger than that of a plane wave treated by Kogelnik's analysis. Figure 7 shows DE Ϫ1
C. Roll Misalignment
T of a slanted VG as a function of roll misalignment angle ␥ for both central-beam E Ќ K polarization and central-beam H Ќ K polarization. As shown in Fig. 7 , for small deviations of roll misalignment angle ͑Խ␥Խ Յ 20°͒ the diffraction efficiencies for both polarization cases are close to their 
corresponding values of DE Ϫ1
T at ␥ ϭ 0°because the central subbeams are still close to the Bragg condition and various subbeams will now satisfy the Bragg condition. However, as ␥ increases further ͑Խ␥Խ Ͼ 20°͒, the diffraction efficiencies decrease monotonically because all subbeams are away from the Bragg condition.
The corresponding diffraction efficiencies of the five major subbeams of the 3-D converging-diverging spherical Gaussian beam for central-beam E Ќ K polarization are shown in Fig. 8 T curve of the Ϫk y 1͞e subbeam shift by ␥ ϭ Ϫ3.10°and ␥ ϭ 3.10°, respectively, from that of the central subbeam. These results are expected because all the wave vectors of Ϯk y 1͞e subbeams and the central subbeam lie on the same plane (i.e., the y Ϫ z plane), except that the Ϯk y 1͞e subbeams shift from the central subbeam in roll by Ϯ3.10°. That is, the incident angles, the azimuthal angles, and the polarization angles of both the ϩk y 1͞e subbeam and the Ϫk y 1͞e subbeam for central-beam E Ќ K polarization are ϭ 3.10°, ϭ 270°, and ⌿ E ϭ 180°and ϭ 3.10°, ϭ 90°, and ⌿ E ϭ 0°, respectively. Therefore, for ␥ ϭ Ϫ3.10°(or ␥ ϭ 3.10°) rotation, the incident parameters of the ϩk y 1͞e subbeam (or the Ϫk y 1͞e subbeam) are ϭ 0°, ϭ 0°, and ⌿ E ϭ 90°, which are identical to those of the central subbeam (i.e., normally incident upon the VG) and therefore satisfy the Bragg condition. Consequently, the diffraction characteristics with respect to the DE Ϫ1 T curves of the Ϯk y 1͞e subbeams and the central subbeam are identical, except for the shifts of DE Ϫ1 T curves. As ␥ increases, however, the ϩk x 1͞e subbeam moves away from the Bragg condition, which results in a decrease of diffraction efficiencies. However, as ␥ increases, the Ϫk x 1͞e subbeam moves close to the Bragg condition and achieves a maximum diffraction efficiency at ␥ ϭ Ϯ36.59°. As the roll misalignment angle increases beyond ␥ ϭ Ϯ36.59°, the Ϫk x 1͞e subbeam moves away from the Bragg condition, and therefore the diffraction efficiency decreases.
Bragg condition) to 20°and decrease dramatically as |␥| increases beyond 20°. Based on the range of misalignment angles with ␣ ϭ Ϯ1.17°, ␤ ϭ Ϯ3.04°, and ␥ ϭ Ϯ3.04°, the coupling efficiencies of the slanted VG for substrate-mode optical interconnects remain almost constant for deviations from the Bragg condition caused by both the yaw misalignment and the roll misalignment. However, the coupling efficiencies of the substrate-mode optical interconnect decrease from DE Ϫ1 T ϭ 0.4284 to DE Ϫ1 T ϭ 0.1669 (i.e., 61.04% deterioration of performance) for central-beam E Ќ K polarization and decrease from DE Ϫ1 T ϭ 0.2309 to DE Ϫ1 T ϭ 0.096 (i.e., 58.63% deterioration of performance) for central-beam H Ќ K polarization.
